We develop a compact model for carrier-injection silicon microring modulators with diameters as small as 5 µm and data rates up to 25 Gb/s. This large-signal model can be co-simulated with CMOS driver circuits, and can accurately predict the optical eye diagrams. OCIS codes: (130.0130) Integrated optics; (130.4110) Modulators; (230.0230) Optical devices 1. Introduction Silicon microring modulators are promising candidates in highly-integrated dense wavelength division multiplexing (DWDM) systems because of their small footprint, low energy consumption and inherent wavelength selectivity [1] . Carrier-injection p-i-n junction based microring modulators have the advantage of high modulation efficiency, low insertion loss, and large extinction ratio compared to carrier-depletion p-n junction modulators [2, 3, 4] . However, the intrinsic bandwidth of the carrier-injection microring modulator is narrow. A pre-emphasized driving scheme can be used to boost the bandwidth of the microring, enabling high-speed operation above 20 Gb/s [4, 5] . Both photonic and electronic circuit designers need a model for the microring modulator to better understand its high-speed characteristics, to co-simulate with the driver circuits, and to predict the output optical eye diagrams.
the large-signal model agrees well with the measured data. The electrical model output is the current of the exponential source ID, or the current flowing through the intrinsic region, which determines the resonance wavelength shift and then the optical modulation of the microring modulator.
The optical dynamics of the microring modulator are modeled as a low pass filter in a phenomenological approach, describing the cavity photon lifetime effect in the microring resonator. In the filter model, the cavity photon lifetime limited 3dB bandwidth can be calculated as fopt = c/(λQ) , where Q is the quality factor of the microring resonator [3] . The quality factor of the 10 µm diameter microring is ~17,000, corresponding to an fopt of 13.6 GHz. Comparatively, the 5 µm diameter microring has a lower Q factor of ~12,000 and a higher fopt of 19.2 GHz, as a result of increased bending loss. However, this increased bandwidth comes at the expense of smaller mode volume and higher series resistance, and therefore increased undesirable thermal effect such as the bi-stability [8] .
Measured and Simulated High-Speed Operation Results
Our microring modulators are fabricated on a 200 mm SOI platform at CEA-LETI foundry. The original 250 nm thick silicon is etched down to 50 nm, forming the rib waveguides ( Fig. 2 (a) (b) ). The waveguide width of the microring is 450 nm. The microring modulators designs have two diameters: 5 µm and 10 µm. The straight waveguide width is 300 nm for 5 µm diameter microrings and 350 nm for 10 µm diameter microrings.
The high-speed performance of the modulator is measured with the pre-emphasized driving scheme shown in Fig.  2 (c) . Meanwhile, we incorporate our large-signal model into Cadence simulation environment to simulate the optical eye diagrams (Fig. 2 (d) ). The simulated eye diagrams agree well with the measured results for the microring modulators with 10 and 5 µm diameters (D10 and D5), as shown in Fig. 3 . Both the measured and simulated eyes for D10 ring at 20 Gb/s and D5 ring at 25 Gb/s show that they are close to their bandwidth limits. The D5 ring is able to work at a higher data rate partly because it has lower quality factor and higher photon lifetime-limited bandwidth.
In order to further validate our model, we take measurement and compare the results with the simulated optical eyes of a D10 ring at 12.5 Gb/s with optimal and several sub-optimal driving conditions. The highest data rate is not chosen for model validation since the measured eyes at the highest data rate are noisy due to our present test setup noise. We first set the driving condition to the optimal (Vpp1=2V, Vpp2=1.5V, delay=30ps, DC offset=0.9V) as shown in Fig. 4 (b) , and then deviate one parameter at a time. In Fig. 4 , the simulated eyes are in good agreements with the measured results. For example, the overshoot phenomenon is well captured by our model when the offset is lower than optimal, or the Vpp2 is higher than optimal, or the delay is longer than optimal, as shown in Fig. 4 (a)(e)(g) . Additionally, fast rising edges and slow falling edges are observed in both measured and simulated eyes in Fig. 4  (c)(d) , which is also consistent with the discussions on extra falling edge delay in [2] . 
Conclusion
We have developed a large-signal dynamic model for the ultra-small-size, high-speed carrier-injection microring modulators. Our model captures both DC and AC, electrical and optical dynamic characteristics. This model is capable of accurately predicting the high-speed optical eye diagrams for microrings with different diameters, driving conditions, and data rates. Implemented in Verilog-A, this model can be easily incorporated into common electronic design environments for co-simulation with electronic circuits, enabling simultaneous DC and AC design of the CMOS driver circuits.
